This paper describes the effect of a thin plate as a static controlling device to suppress cavity noise when it is inserted vertically into a cavity. Experiments using small and large wind tunnels are carried out to investigate the size effect of the cavity model. As a result, it is shown that there are two optimum plate locations for the noise reduction. One is near the upstream edge and the other is just in front of the downstream edge. By comparing the experiments at small and large wind tunnels, it is found that in the large wind tunnel, noise reduction is not so effective as in the small one.
Introduction
Cavity noise, a typical aerodynamics noise, is an old and new issue. Although it was well known for ages that cavities exposed to a flow generate noise, an attention is paid again as an environmental pollution problem of high-speed transportation systems such as airplanes, highspeed trains and automobiles. In particular, the landing-gear bays of the aircrafts, pantographs of high-speed trains and cavities of high-rising buildings do not only generate large noise but may damage the instruments inside the cavities. The problem attracted many researchers and attempts to clarify the noise generation mechanism by numerical simulations (1) (2) and experimental studies aimed at suppressing the cavity noise (3)∼ (8) have been carried out, recently. There are many researches especially on the weapon bay on an aircraft, which target the flow of transonic or supersonic speeds. There are also attempts to enhance supersonic mixing and to improve combustion in SCRAM-jet engines, utilizing the vortices and vibrating shock waves generated by the oscillating flow at the cavity (9) .
In this study, the target is a cavity noise generated at a low Mach number. In case of a cavity noise, a single frequency peak sound generated by a self-sustained oscillation coming from a feedback loop formed inside a cavity, is likely to be dominant. This character is common to all cavity noises, regardless of the Mach number.
The great majority of the methods to control cavity flows at a low Mach number tried to actively control the separating flow at the leading edge, where the receptivity of the flow is most sensitive, and change the oscillating frequency, and thus reduce the noise. Kegerise et al. (4) captured the pressure fluctuation and used a flat actuator made of a piezoelectric bimorph cantilever beam to introduce a wave that cancelled the original wave. Cabell et al. (5) used a piezo-driven synthetic jet for the control. Rowley and Williams (6) used a pair of loudspeakers in an enclosed chamber, which was activated with a feedback signal from pressure transducers located inside the cavity, to generate a synthetic jet through a slot in the upstream wall of the cavity. In our previous study, Yokokawa et al. (7) (8)(10) successfully suppressed the noise by controlling the phase of the periodic flow patterns along the spanwise direction using piezo-ceramic actuators attached on the upstream edge of the cavity. Although the experimental results were promising, these active control methods require additional power supply, and in practice, the maintenance of actuators and need to change the controlling frequency becomes a major obstacle. Additionally, it should be noted that the sound suppressing efficiency depends on the scale of the flow field, because the magnitude of the velocity fluctuation introduced by the actuators becomes relatively smaller owing to the limitation in the size of piezo-ceramic device. So, the noise-suppressing effects found in wind-tunnel tests are not likely to be reproduced in real-life situations.
In this paper, passive control experiments using a small thin plate inserted into a cavity when the separating flow is turbulent are carried out. The effect of the size and location of the plate on the noise suppression is investigated using a small and large wind tunnel. Both results are compared and the effect of scale difference on the noise suppression is also discussed.
Experimental Setup
The experiments were conducted using a small-scale low-turbulence wind tunnel of the Institute of Fluid Science (IFS) in Tohoku University, and a large-scale, low-noise wind tunnel of the Railway Technical Research Institute (RTRI). The IFS tunnel has an octagonal crosssection nozzle (293mm from wall-to-wall), and the RTRI wind tunnel has a rectangular crosssection nozzle that is 3m wide and 2.5m high. At the test section, the turbulence levels of the freestreams are about 1.5% at 30m/s for the IFS tunnel and 0.4% at 60m/s for the RTRI tunnel. Vol.2, No.1, 2007 For the RTRI experiment, the model is installed so that its leading edge is smoothly connected to the lower side floor of the nozzle. Magnitude of this negative pressure is proportional to the surface area exposed to the flow. Thus, the model for the RTRI tunnel is made strong enough by a combination of 16mm thick wooden flat plates and aluminum frames. As shown in the figures, the model is 900mm (3,500mm) long and 250mm (1,600mm) wide. The rectangular cavity is 50mm (500mm) long and 27.5mm (500mm) deep. Oncoming boundary layer is turned into turbulent by a combination of trip wire (φ = 0.5mm) and sandpaper (No. 400) for the IFS tunnel, or a trip wire (φ = 1.5mm) for the RTRI tunnel. Beneath the flat plate surface, a resonator is used to simulate a deep cavity environment because the peaky noise is not generated in the shallow cavity case when the separating flow is turbulent. Two end plates are attached on both spanwise ends of the plate to keep the flow two-dimensional. The origin of the coordinate system is at the center of the upstream edge of the cavity, where the x, y, z-axes are in the streamwise, wall-normal, and spanwise directions, respectively. A flow controlling plate with various lengths H p in the y direction is placed inside the cavity as shown in Fig. 2(b) . The plate is fixed on the floor by two L-shaped supports, where the top of the plate is leveled with the upstream surface. For the RTRI experiment, it is designed so that the streamwise position of the plate can easily be changed using a ball screw. A condenser microphone is used for the measurements of sound pressure level (SPL). The microphone is set 300mm and 5m above the center of the cavity for the IFS and RTRI tunnels, respectively. Single and X-type hot-wires are used for velocity measurement. The uniform velocity is set at 30m/s for the IFS tunnel, and 60m/s for the RTRI tunnel.
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Results and Discussion
Small wind tunnel experiment
From the preliminary experiment, the optimum resonator length was found to be 140mm. Figure 3 shows the SPL spectra of the cavity noise. Obvious peak can be observed at 478 ∼ 480Hz. This is the natural frequency of the cavity noise. It can be found that the resonator amplifies the SPL of this peak strikingly. The frequency is slightly shifted lower adjusted to the natural frequency of the resonator. This gap also appears at the second harmonics around 1,000Hz. The mean streamwise velocity profiles inside the cavity are shown in Fig.  4 . The thickening of the shear layer can be found downstream. At the upstream edge x = 0mm, the boundary layer thickness is approximately 11mm. In the following part, the target frequency of the cavity noise is set at the peak of 480Hz and the noise suppression effect of the controlling plate is evaluated against this peak. Figure 5 shows how the noise reduction effect changes by the plate size and location. Spanwise length of the plate is 220mm. The abscissa is the x location of the plate normalized by the cavity length L c , which corresponds to the distance between the upstream wall of the cavity and the plate. The vertical axis represents the difference in the maximum peak level between the cases with and without control. The upper tip of the plate is leveled with the upstream plate surface (y = 0). It is found that the noise suppressing effect becomes obvious at two locations, around x/L c = 0.3 and near the downstream edge of the cavity. The maximum value of noise reduction reaches approximately 30dB. It should be noted that this effect increases with the increase in the vertical length of the plate, while it is in the range of H p = 2 ∼ 10mm. When H p is larger than 10mm, the noise reduction effect saturates except for the region near the upstream edge. This amount of noise reduction is nearly equivalent to the amount amplified by the existence of the resonator. Accordingly, these large plates may be destroying the resonance inside the cavity. In other words, the noise is reduced to the background noise level.
In this experiment, the resonator is installed parallel to the uniform flow. Although its downstream side is a fixed end, the upstream side is open to the cavity. So it is difficult to estimate the resonance length exactly. Thus, we try a reverse estimation of the resonance length in the following manner. Using the following resonance condition,
where L r is the resonance length, a is the speed of sound and m is the resonance mode. At the condition of f r = 480Hz, a = 340m/s (temperature was approximately 15dgrees) and m =1, the resonance length can be obtained as L r 177mm. Assuming that the upstream edge of the resonator is an open end, this position corresponds to the x/L c = 0.26 location, which is 13mm away from the leading edge of the cavity (route 1 in Fig. 6 ). It should be noted that if the mode number m = 3 is used, the resonance length becomes L r 531mm, which is longer than the summation of the cavity and resonator lengths. On the other hand, if we assume that this open end is placed at y = 0mm, as shown route 2 in Fig. 6 , the resonator length L r becomes 178.75mm. In that case the resonance frequency can be estimated as approximately 476Hz.
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Recalling that the dominant frequency of the cavity noise is around 478 ∼ 480Hz, it can be found that the presumption given by equation (1) is good enough as the rough estimation of the resonance length. Figure 7 shows the variation of the peak level with the change in the y location of the plate when the plate size is H p = 4mm. The noise reduction effect shows a different tendency as the vertical position of the plate becomes lower. It gradually decreases as the plate moves lower except near the downstream edge, where the change is abrupt. This implies that the noise suppression mechanism is different in the two cases. To investigate the effect of a plate on the shear flow above the cavity, the vorticity fluctuations for each plate position are measured by a X-type hotwire probe. The data is processed by an ensemble averaging and conditional sampling technique, where the signal captured by the microphone was used as the reference. In this experiment, the bandpass filter including the dominant frequency of the cavity noise is used because the signal to noise ratio of the reference signal drastically falls when the cavity noise is suppressed by the controlling plate. Figure 8 shows the contour map of the spanwise vorticity fluctuation at y = 0mm. The grey region in the figures indicates the positive vorticity fluctuation while the white region for the negative fluctuation including zero. Unfortunately, owing to the limitations of the probe configuration, the regions near the plate and the downstream edge of the cavity could not be measured. When the plate is at x/L c = 0.24 ( Fig. 8(b) ), the strong vorticity fluctuation pattern observed in the no-control case is weaken to less than one-third. However, the strong fluctuation appears again at x/L c = 0.6 ( Fig. 8(c) ). As shown the figure, the shear layer has finished rolling-up into vortices before reaching the plate. The vertical size of the plate H p is so small compared to the thickness of the shear layer that the rolled-up vortices cannot be destroyed by the plate. On the other hand, the obvious fluctuation pattern disappears when the plate is near the downstream edge, x/L c = 0.84 ( Fig.  8(d) ). This is due to "the easing effect" of the plate, which is described as follows. As was noted before, the cavity noise derives from a self-sustained oscillation. There, the roll-up of the shear layer is influenced by the pressure wave caused by the periodical impingements of
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Vol. rolled-up vortices into the downstream corner, forming a feedback loop. However with the existence of the plate, the vortices are either elongated in the streamwise direction or divided into smaller vortices by hitting the plate, before hitting the downstream corner of the cavity. As a result, the pressure fluctuation generated by the collision of these deformed vortices is eased and the feedback loop becomes weaker. It implies that the dominant factor of noise reduction is the gap between the plate and the upstream edge of the cavity, not the vertical size of the plate. This interpretation also explains the noise reduction behavior when the plate is at other y locations, which was shown in Fig. 7 . The locations of the vortices, which hit the downstream corner of the cavity, are y = -3 ∼ 2.5mm, so the plate which is located lower than y = -3mm cannot influence the collision of vortices. This explains the reason why the noise suppression effect decreases drastically when the plate is installed at y = -3mm.
Large wind tunnel experiment
In addition to the small wind tunnel experiment, the large wind tunnel experiment is also carried out to investigate the scale effect on the noise suppression. The thickness of the oncoming turbulent boundary layer is approximately 104mm. The resonator length is decided to be 800mm based on the results of a preliminary experiment. The SPL spectra of the cavity noise is shown in Fig. 9 . There are two peaks at 47 and 89Hz. As in the small wind tunnel experiment, the resonance length is estimated by the equation (1) . When mode is m = 1, the resonance frequency is 85Hz which corresponds to route 2 in Fig. 6 . On the other hand, the lower peak 47Hz was not affected by the difference in the conditions such as the resonator length. This peak decreased a few Hz by padding the small gaps between the flat plate and the frame. Consequently, it was concluded that the lower peak was caused by the some resonance related to the spanwise length of the cavity and could be ignored. So, in the experiment, the target is set to the higher peak of 89Hz. Figure 10 shows the noise reduction with various heights H p and streamwise locations x of the plate. H p is roughly ten times larger than that of the small wind tunnel experiment because the oncoming boundary layer thickness is ten times larger. For all cases, the SPL decreases at x/L c = 0.2 ∼ 0.3 and then gradually increases until around x/l c = 0.6. As the plate approaches the downstream edge, the SPL decreases again. The noise reduction effect becomes the maximum when the vertical size of the plate is equal to the thickness of the shear layer. Although the same tendency can be observed compared to the small wind tunnel experiment shown in Fig. 5 , the noise reduction effect in the large wind tunnel experiment is found to be smaller. For such a large wind tunnel experiment, the noise generated from the plate itself cannot be neglected. This may be one of the causes which cut down the noise reduction effect.
The acoustic spectra for the most effective cases are given in Fig. 11 . The peak of the cavity noise around 90Hz becomes lower by the plate. However, when the plate is at x/L c = 0.9, although the SPL of the cavity noise frequency decreases, the SPL increases at all other frequencies. This phenomenon was not observed in the small wind tunnel experiment.
Concluding Remarks
It is shown that the aerodynamic noise generated at a cavity can be suppressed by a passive controlling method which is to insert a thin plate inside the cavity. Large noise reduction effects are observed when the plate is placed near the upstream or downstream edge of the cavity. Two mechanisms that reduce the noise is presented. When the plate is at upstream, the plate interrupts the rolling-up process of the shear layer, while the plate downstream eases the collision of vortices against the downstream edge of the cavity and weakens the feedback loop. A comparison of experimental results between the small and large wind tunnel experiments shows that the noise reduction is not as effective in the large wind tunnel experiment. When the plate is inserted close to the downstream edge of the cavity, the SPL increases at all frequencies except for that of the cavity noise, which is only observed in the large wind tunnel experiment.
